A field campaign was carried out in the alpine meadow of Heihe River Basin, north-west China on 11-15 July 2002. Several bio-geophysical parameters such as leaf area index (LAI) were measured according to VALERI sampling procedures within 38 elementary sampling units (ESUs) in the 3 km63 km 'VALERI' site. A quarter scene of Landsat 7 ETM + with acquisition times close to the field campaign time was atmospherically and geographically corrected. Three kinds of spectral vegetation index maps including NDVI, SR and MSAVI in the sampling area were derived from the corrected ETM + image. The two sets of LAI data measured with LAI-2000 and TRAC instrument at the same site were intercompared. This is particularly meaningful for assessing the accuracy of LAI measurements. The relationships between the measured LAI and the three kinds of vegetation indices were also investigated. These comparisons found good relationships between the measured LAI and the different vegetation indices in most cases. Among them, NDVI seems the most promising estimator for extraction of LAI for the alpine meadow. In addition, the LAI-2000 seems to perform better for LAI measurement in the alpine meadow than the TRAC instrument.
Introduction
Leaf area index (LAI) is a structural vegetation parameter of fundamental importance for quantitative analysis of many physical and biological processes related to vegetation dynamics . Many biosphere process models consider it as one of the key driving variables, especially ecosystem productivity and hydrological models (Bonan 1993 , Liu et al. 1997 . Accuracy of LAI measurements is critical for improving the performance of such models over large areas. Although LAI can be directly or indirectly measured by several methods (Gower et al. 1999 , White et al. 2000 , the ground-based LAI measurements are labour-intensive, spatially confined and difficult to extrapolate directly over large areas. However, numerous studies have shown that satellite remote sensing data are useful for retrieving LAI and its spatial and temporal distribution (Badhwar et al. 1986 , Peterson et al. 1987 , Spanner et al. 1994 , Peddle et al. 1999 . Thus, investigations into the relationship between ground-measured LAI and spectral vegetation indices (SVIs) derived from satellite-measured data have always been attractive.
Traditionally, different linear or near-linear combinations between the red and infrared bands are called spectral vegetation indices (SVIs) . During the last three decades research has produced a variety of SVIs, for the purpose of studying vegetation phenology and retrieving biophysical variables. Among these different SVIs, the most frequently used are the normalized difference vegetation index (NDVI) and the simple ratio (SR) . The advantages of NDVI are its minimized effects on topography (Holben and Justice 1981) and the convenience of scaling between 21.0 and 1.0. The advantages of SR are its sensitivity to the growth status of vegetation and better linear relationship to some biophysical parameters (Sellers et al. 1992a , Chen and Cihlar 1996 , Chen 1996 . In addition, some improved indices such as Soil-Adjusted Vegetation Index (SAVI) and Modified SAVI (MSAVI) have been developed to reduce the strong soil-ground effect in regions of sparse vegetation cover (Huete 1988 , Qi et al. 1994 . The simplest and most practical way to investigate the relationship between groundmeasured LAI and SVI values is by means of regression models. Such relationships usually result in different mathematical forms with empirical coefficients that vary, depending primarily on vegetation type , Turner et al. 1999 .
Satellite images such as Landsat TM/ETM + , SPOT-HRV and IKONOS have generally been used to investigate LAI-SVI relationships, due to their high spatial resolution (Curran et al. 1992 , Chen and Cihlar 1996a , Eklundh et al. 2001 , Colombo et al. 2003 . LAI has also been estimated using coarse-resolution NOAA AVHRR and SPOT-VEGETATION data in regional and global scales (Spanner et al. 1990 , Boyd et al. 2000 . Recently MODIS global LAI products derived from a global scale process model have also been released to the public (Justice et al. 2002) . Requirements for validation and evaluation of these products have prompted the growth of dedicated field campaigns during recent decades, such as FIFE in USA, HAPEX-Sahel in Western Africa and BOREAS in Canada (Sellers et al. 1992b , Goutorbe et al. 1994 . These studies have focused on a vide variety of vegetation types, notably temperate grasslands, grass savannah and boreal conifer forests , Cohen et al. 2003 , Fensholt et al. 2004 . Limited attention has been given to alpine meadows.
Alpine meadows in China are mainly distributed on the Qinghai-Tibet Plateau and dominate the vegetation types in the area (Editorial Board of Vegetation Map of China 2001). Since 1998 the GEWEX Asian Monsoon Experiment on the Tibetan Plateau (GAME/Tibet) has been carried out in alpine meadows to study the characteristics of land surface energy and mass transfer processes of Tibetan Plateau (Ma et al. 2003) . To study the exchanges of CO 2 , water and heat of alpine meadow ecosystems, two flux observation sites have been set up on the Tibetan Plateau by China flux network (http://www.chinaflux.net). LAI is an important bio-geophysical variable required in these related studies. But until now there have been few studies of in situ LAI measurements and in situ LAI/SVI relationships for alpine meadows in China. As a result of the Sino-Belgian project 'Retrieval of bio-geophysical variables from SPOT/ VEGETATION data using a vegetation canopy radiative transfer (RTF) model', an intensive field campaign was executed in the Heihe River Basin (96u429-102u009E, 37u419-42u429N), north-west China, during the period 1- (Cohen et al. 2003) and VALERI (Validation of Land European Remote Sensing Instruments) (http://www.avignon.inra.fr/valeri/). These validation networks generally execute consistent sampling protocols and ground-based LAI measurement methods to facilitate spatial scaling from ground plot to pixel (Burrows et al. 2002) . Prior to our field campaigns, a detailed sampling protocol was designed. The selection of sampling sites, division into sub-sites, determination and the direction of the elementary sampling units (ESUs) are all based on the sampling protocol used in VALERI.
First, a square-shaped homogeneous site of 9 km 2 is selected and divided into nine 1 km61 km sub-sites ( figure 1(a) ). The homogeneity of the vegetation is necessary to prevent marginal variation of the biophysical parameters and their radiometric values. The site size is taken as 3 km63 km to account for a sensor resolution up to 1 km (e.g. AVHRR, SPOT-VEGETATION). Second, in each sub-site, 3-5 ESUs are randomly selected. The position of the ESU has two aspects of randomness (figure 1(b)): one is the random position inside the sub-site; the other is the angle a between the ESU and the magnetic north. The randomness allows for a consistent design of the ESUs configurations. Furthermore, the central (non-peripheral) subsite is generally more densely sampled to 5-7 ESUs, so that the geostatistics are better described for the medium range lags. Each ESU has the same dimension as 20 m620 m square. The locations for the LAI-2000 measurement are illustrated by the empty circles (figure 1(c)); hence every ESU delivers nine LAI-2000 values. The five transects parallel to the sun's illumination direction for the TRAC measurement are also illustrated (figure 1(d )); therefore, the total transect lines are equal to 100 m.
Ground site description
The study area is located in the foothills of the Qilian Mountains of the Heihe River Basin with an elevation of 2700 m (figure 2), where precipitation averages 450 mm/ year and mean annual air temperature is about 1.5uC. The landscape is characterized by homogenous alpine meadow. Vegetation is fine-leaved perennial meadow dominated by a variety of Kobresia species such as K. humilia, K. capillifola, and K. kansuensi. The height of grass ranges from 10 to 30 cm. The fractional cover varies from 60% to 100% due to different species and human disturbance. The sampling ground is centred at 38.02uN, 101.25uE. Locations for 38 ESUs in the 9 km 2 square were determined according to the VALERI sampling strategy. In addition to six ESUs distributed in the centre of the sub-site for denser sampling, each of the other eight 1 km 2 sub-sites was sampled with four ESUs. Each ESU was given a label and its latitude and longitude recorded by GPS. The field campaign was conducted from 11 to 15 July 2002 in the peak of the growing season. 
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Ground-measured LAI
LAI is defined as the half of the total all-sides green leaf area per unit ground surface area (Chen and Black 1992) . Two optical gap fraction instruments, the LAI-2000 (LI-Cor Inc., Lincoln, Nebraska) and TRAC (3rd wave Engineering, Nepean, Ontario), were used to measure LAI in the alpine meadow site. The LAI-2000 measures the gap fraction P(h) in five zenith angle (h) ranges with midpoints of 7u, 23u, 38u, 53u and 67u, which observe diffuse radiation transmission through the canopy. The measured gap fraction data are inverted to obtain the effective LAI (LAIe) based on a simple radiative transfer model (Welles and Norman 1991) and the assumption of a random spatial distribution of leaves (equation (1)).
According to the VALERI protocol, the 38 ESUs were randomly distributed in situ. In each ESU, nine LAI measurements were evenly and densely performed with LAI-2000 within the 400 m 2 area. Different view caps of 45u, 90u or 180u were alternated under different direct or diffuse radiation conditions during the measurement time. Accordingly, nine times 38 LAI-2000 recordings were acquired at the site. Each recording contains detailed information, including LAI and gap fractions for the five zenithal angle ranges. Considering the homogeneity of the meadow at the base site, the true LAI value for each ESU was estimated as the mean of the nine LAI recordings measured in the same ESU.
The TRAC (Tracing Radiation and Architecture of Canopies) measures the transmitted direct photosynthetically active radiation along transects beneath a canopy using a high-frequency (32 Hz) sampling technique. Equation (2) is used to derive the LAI:
where a is the wood-to-total plant area ratio; L e is the LAIe; c E is the needle-toshoot area ratio, and V E is the foliage element clumping index. A theory was developed to derive V E from the gap size distribution and to calculate the LAIe and the true LAI (Chen and Cihlar 1995) . The TRAC was also used at the same meadow site. For each 400 m 2 ESU, photosynthetic photon flux density (PPFD) beneath the meadow canopy was measured with the TRAC along 5620 m transects according to the VALERI protocol. In contrast to the LAI-2000 recordings, all TRAC data have to be processed using processing software, e.g. TRACWin. Some inputs are required by the software, based on the vegetation type and field status. For each ESU, true LAI, LAIe and V E were calculated by running TRACWin.
Landsat ETM + data processing
The Landsat TM/ETM + data with 30-m pixels is appropriate for scaling from point to area (Tian et al. 2002) . A 1/4 sub-scene of Landsat ETM + data (132/33) acquired on 24 July 2002 were purchased for locating the study area. The solar elevation and azimuth angles at the image acquisition time are 61.6u and 123.0u, respectively.
2.4.1 Geometric correction. Geometric correction was performed using ERDAS Imagine 8.5. GCPs (ground control points) were collected from another georeferenced TM image (132/33) acquired on 10 July 2000. This georeferenced Ground-measured LAI and vegetation indices in an alpine meadowTM image was registered using GCPs obtained from about 36 1:100 000 topographic maps using PCI software. The coordinate system was Gauss-Kruger. The registration accuracy of the source image was within 0.6 pixels in the x direction, 0.3 pixels in the y direction, and 0.66 pixels in total. After pre-processing, the new 1/4 sub-scene ETM + image was co-registered with an rms errors of 0.30 pixels in the x direction and 0.15 pixels in the y direction. The total accuracy of registration was within ¡0.33 pixel relative to the master TM image of 2000.
Atmospheric correction.
Atmospheric correction is important in satellite image pre-processing, because quantitative retrieval of land surface information, particularly through surface reflectance models, requires the conversion from the top-of-atmosphere (TOA) radiance received by the sensor to surface reflectance. A variety of approaches have been made to retrieve surface reflectance from Landsat ETM + imagery by correcting atmospheric effects (Liang et al. 2001 (Liang et al. , 2002 . For this study, atmospheric corrections were made to the scene to convert the radiance measurements at the TOA to the surface-level reflectance by using the 6S atmospheric RTF (Vermote et al. 1997) . Since the area of the base site is small, we assumed correction would be the same over all the area (157 pixels6167 pixels), i.e. atmospheric conditions were considered identical for all base site pixels. We did not consider correction for the bi-directional effect, i.e. we assumed that the land surface is Lambertian. Standard atmosphere and aerosol models were used. Since the base site is located in a high mountainous area, where the atmosphere is characterized by thin and clear air, less water vapour, small-sized and low aerosol content, we ignored aerosol effects and used no aerosol as input for 6S.
After the correction, the radiance data were converted into reflectance. Significant improvement can be illustrated on the histograms of surface reflectance after atmospheric correction, in comparison with the TOA histograms (figure 3). Surface reflectance after atmospheric correction are obvious lower in the visible bands (bands 2 and 3) and higher in the near infrared band (band 4). This is in good correspondence with field-measured spectra of meadows for this base site. We also found a large improvement on LAI/SVI relationships after using atmospheric correction.
VIs maps from the ETM + data
Although over 20 SVIs have been developed during recent decades, NDVI, SR and MSAVI were selected to investigate the LAI/SVI relationships in this study because they are widely used and easy to calculate from spectral sensors without any empirical adjustment factor. Composite maps of NDVI, SR and MSAVI for the meadow site were calculated using the corrected red reflectance (r 3 ) and NIR reflectance (r 4 ). The three VIs are defined by equations (3), (4) and (5). 
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Results and discussion

Inter-comparison of LAI data sets acquired with LAI-2000 and TRAC
Two instruments, the LAI-2000 and the TRAC, were used to measure LAI at the meadow site simultaneously. Three LAI datasets of LAI-2000, Trac_LAIe and Trac_LAI were acquired in the 38 ESUs located in the sampling site. First, the LAI observations in B2, D2, F2, H4, I1, I2 and I3 were omitted due to the light rain or very cloudy weather when measurements took place for these ESUs. Therefore, only the LAI values measured in the other 31 ESUs under relatively optimal meteorological conditions were retained for further analysis ( figure 4 and table 1 ). Because the measuring principle of the two instruments is based on optical methods originating from different theoretical assumptions, the data inter-comparison was performed. The LAI values are mostly low, ranging from 0.2 to 1.2 within the base site. This reflects the fact that alpine meadows have relatively fine-leaved and short biome properties. Note that some species found in alpine meadows creep close to the figure 4 , the shapes of the three LAI curves seem consistent. The three LAI curves almost overlap each other in the ESUs of A, B and C, which was attributed to the fairly clear weather conditions at the time of measurement. However, the three LAI trajectories do not match well in other ESUs due to variable cloud and wind conditions on the highland. As is well known, cloud can strongly decrease the amount of direct sunlight, and wind can change the leaf angle and clump distribution, so LAI measurement errors are introduced, especially for TRAC. The error bar showed the mean value and the standard deviation of the nine observations measured by LAI-2000 in each ESU. Note that the standard deviations are always high in each ESU. This indicated a pronounced variability in the fractional cover of alpine meadow. Even in a small plot of 20 m620 m, the meadow cover varies greatly due to difference in meadow species and terrain as well as human activities such as road engineering and cattle herding. The regression curve (figure 5) illustrates the fact that the pair of true LAI and effective LAI (LAIe) values measured by TRAC are close to equality (R 2 50.94) due to V E approximating unity, indicating an almost random spatial distribution for the meadow leaves. On the other hand, another regression curve (figure 6) reflected the correlation (and eventual bias) between the LAI-2000 measurement and the TRAC measurement. The correlation coefficient is quite low with R 2 only reaching to 0.27. The TRAC seems to get higher values at low LAI and lower values at high LAI, illustrating less dynamic range compared to the LAI-2000 values. This might be attributed to the different system designs and theoretical assumptions made for the LAI-2000 and the TRAC. As LAI-2000 has the advantage of hemispherical exposure, providing better angular coverage and less restricted by the sky conditions and foliage structures than TRAC, the LAI from LAI-2000 may be more sensitive than that from TRAC in measurements of fine-leaved and short alpine meadows.
Relationships between ground-measured LAI and vegetation indices
Using ENVI software, the 31 ESUs at the meadow site were overlaid with the VIs maps derived from ETM data. Subsequently, the pixel values of NDVI, SR and MSAVI in each ESU were extracted (table 1) . Nonlinear regression equations between the ground-measured LAI values and the VIs as well as their correlation coefficients (R 2 ) and rms error are reported in figure 7 . For all VIs, the relationship with the measured LAIs for the 31 retained ESUs at the meadow base site elicits a positive correlation. Additionally, the relationships between the different ESU LAIs and the VIs are nonlinear and show exponential relationships. The standard deviations are high in the LAI/VI relationships. The deviations may originate from several factors, including errors in instrument operations conducted by different people in the field, errors associated with cloudiness and wind conditions in the measurement times, errors in locating the base site ESUs in the ETM imagery, and errors due to the time difference of phenological stages of the vegetation and the acquisition time of the ETM + scenery, which was acquired 10 days earlier than the experiment.
According to the correlation coefficients (R 2 ) reported in figure 7 , the LAI/SVI relationships established using LAI-2000 are, without exception, better than the relationships established using the TRAC instrument. This suggests that LAI-2000 is more sensitive than TRAC in measuring LAI in alpine meadows. The advantages Ground-measured LAI and vegetation indices in an alpine meadowof LAI-2000 can be attributed to two aspects. Firstly, LAI-2000 measures gap fraction for different viewing angle ranges from canopy diffuse radiation transmission, so is less restricted by sky conditions than TRAC. TRAC requires cloud-free conditions near the direction of the sun for optimal measurements. Since the sampling site is located at the foothills of the Qilian Mountains where the weather is often cloudy, the measuring conditions favour LAI-2000 rather than TRAC. Secondly, for the short grass species with small leaves at the meadow site, LAI-2000 is more operational and manageable in the measuring process than TRAC, which was developed for measurements in tall plant canopies, such as boreal forests. Though the correlation coefficients (R 2 ) are not very high in figure 7 , the measured LAI values in the alpine meadow site indicate promising responses in relation to the spectral vegetation indices derived from the ETM + imagery. Among these SVIs, the relationship between NDVI and LAI measured with LAI-2000 elicits the strongest correlation, with an R 2 of 0.56. LAI shows a very similar response to the SR as to the NDVI for alpine meadows. However, the relationship between LAI and MSAVI elicits a decreased R 2 (R 2 50.42), reflecting limited impact of accounting for soil background in alpine meadows.
Conclusions
In July 2002, at a 9 km 2 homogeneous site located in alpine meadow in the Heihe River Basin, north-west China, LAI in situ measurements were intensively taken using LAI-2000 and TRAC simultaneously, based on the VALERI sampling protocol. Three LAI datasets of LAI-2000, Trac_LAIe and Trac_LAI were intercompared. The accuracy and the consistency of LAI in situ measurements were strongly affected by weather conditions. When weather conditions were optimal, the two LAI observations by the two different instruments matched very well in each ESU, whereas the correlation coefficient of the two LAI observations was low. The LAI from LAI-2000 may be more reliable than that from TRAC for alpine meadows with fine-leaved and short grasses, due to the advantage of hemispherical exposure in the LAI-2000 design. On the other hand, the indirect LAI measurements may yield an underestimated LAI in alpine meadows due to the very short height. Direct measurements of LAI were proposed in order to calculate a proper incremental coefficient of LAI measured by LAI-2000 or TRAC. This can greatly increase the accuracy of indirect LAI measurements in the case of alpine meadows or other steppes with multi-level species.
Some promising and useful relationships were found between ground-measured LAI and SVIs extracted from the ETM + image for the sampling meadow site. The regression coefficients also differ from SVIs and LAI instruments. The LAI/SVI relationships established by using LAI-2000 were, without exception, more consistent than the relationships established by using TRAC for alpine meadows. Moreover, the LAI/NDVI relations were best, with R 2 reaching 0.56. Retrieval and validation of LAI from SPOT4/VEGETATION will form the basis of our subsequent studies. LAI results from the VALERI validation sites that represent the range of biome types around the world can be used to adjust and refine LAI of coarse-resolution sensors. This study suggests that (1) consistency in groundbased LAI measurement methods and sampling protocols are very important; (2) the Landsat TM/ETM + data with fine resolution are appropriate for scaling and extracting LAI from ground to pixel; (3) LAI-2000 seems to perform better for LAI measurements in the alpine meadow than TRAC, which is indicated not only from the inter-comparison but also from the sensitivity of LAI/VIS relationships; and (4) NDVI is the most promising estimator for the extraction of LAI in alpine meadows.
